SUMMARY Human and rabbit corneas were stored at 4°C in K-Sol with and without antioxidants (ascorbic acid, reduced glutathione, a-tocopherol, and retinol acetate) for two to three weeks. All the corneas were then examined visually and by scanning electron microscopy. They appeared clear and slightly oedematous. Scanning electron micrographs were used to grade corneal endothelial cell morphology in a masked manner in terms of cell shape, cell borders, cell swelling, and apical holes. Corneas stored in K-Sol without antioxidants showed changes in cell shape, cell borders, and apical holes. Human corneas showed more morphological changes than rabbit corneas. The results suggest that antioxidants in K-Sol have an important role in the preservation of endothelial cell morphology.
corneas, we have undertaken the present studies to understand the effect of antioxidants in K-Sol on the morphology of endothelial cells.7 Materials and methods K-Sol corneal preservation medium was prepared as described previously34 or obtained from Cilco, Inc. (Bellevue, Washington). The quantities of antioxidants in K-Sol were as follows: ascorbic acid, 0-28 FiM; a-tocopherol phosphate, 0*02 FM; vitamin A acetate, 0-43 FM, and reduced glutathione, 0-16 FiM. K-Sol without antioxidants was prepared Six New Zealand white rabbits weighing 4 to 6 kg each were used. The rabbits were killed by an overdose of pentobarbital. The eyes were enucleated and washed with normal saline. Corneas with a narrow scleral rim were obtained. The time between the death of the rabbits and the use of the corneas did not exceed 2 hours. The corneas were washed with balanced salt solution and then transferred into K-Sol. One cornea from each rabbit was stored at 40C in K-Sol with antioxidants and the other cornea in KSol without antioxidants. Four corneas from each group were removed after 14 days of storage, washed with balanced salt solution, examined visually, and processed for scanning electron microscopy. The Endothelial cell damage in human and rabbit corneas stored in K-Sol without antioxidants (Table 1 ). The human corneas had been stored in K-Sol (with antioxidants) by the eye banks for two to four days for preservation during transport. On arrival at the Eye Center the corneas were washed with balanced salt solution. One cornea from each pair was stored in K-Sol with antioxidants and one in K-Sol without antioxidants. The corneas were removed from storage after 14 to 15 days, washed, examined visually, and processed for scanning electron microscopy.
For scanning electron microscopy the corneas removed from K-Sol medium were washed with balanced salt solution and transferred into fixative solution (1% paraformaldehyde and 2-5% glutaraldehyde in 0-1 M sodium cacodylate buffer, pH and stored at 40C for 3 hours. After further dissection the fixed corneas were incubated in an isotonic buffer solution (0.1 M sodium cacodylate buffer, 0-5% sucrose) overnight at 40C. After postfixation in 1% osmium tetroxide in 0-1 M sodium cacodylate buffer (pH 7.4) and ethanolic dehydration, the specimens were further processed for scanning electron microscopy.2
Corneal endothelial cell damage was quantified in a masked fashion from scanning electron micrographs of the centre of the cornea at magnifications of x200, x500 and x1000. A scoring system was used for grading cell shape, cell borders, cell swelling, and apical holes in the cell. Cell shape was graded from 1 (normal hexagonal shape) to 4 (irregular pleomorphic cells). Cell borders were graded from 1 (borders with no irregularities and interdigitations) to 4 (irregular borders with prominent interdigitations). Cell swelling was graded from 1 (flat cells without swelling) to 4 (marked swelling). Apical holes on the endothelial cell surface were graded from I to 4: 1, 0% holes; 2, 10-20% holes; 3, 40-50% holes; and 4, 70-100% holes. The mean of the sum of all these measurements was termed the total morphological grade.
Results
Human and rabbit corneas stored in K-Sol with and without antioxidants for 14 to 21 days were clear but slightly oedematous on visual examination. Rabbit corneas stored in K-Sol without antioxidants for 14 days showed significantly higher numbers of endothelial cell apical holes than corneas stored in K-Sol with antioxidants, as shown by scanning electron micrographs (Fig. 1, Table 2 ). When the storage was prolonged to 21 days, endothelial cell shape and cell borders were more significantly distorted and apical holes were more numerous in corneas stored in K-Sol without antioxidants than in corneas stored in K-Sol with antioxidants (Fig. 2, Table 2 ).
Human corneas stored for a total of 16 to 18 days (including transportation time) in K-Sol with antioxidants showed only minor changes in endothelial cell shape, cell borders, swelling, and apical holes (Fig. 3, Table 2 ). In contrast, human corneas stored for two to four days in K-Sol with antioxidants (during transportation by the Eye Bank), followed by 14 to 15 days in K-Sol without antioxidants in our laboratory, showed significant changes in endothelial cell shape, cell borders, and apical holes (Fig. 3 , Table 2 ).
Discussion
The present investigation shows that the lack of antioxidants (ascorbic acid, a-tocopherol, retinol acetate, and reduced glutathione) in K-Sol results in considerable damage to the endothelial cells. The damage seems to be greater in human corneas than in TSanjeeva Reddy, Emily D Varnell, Roger W Beuerman, Nicolas G CBazan, and Herbert E Kauifman were not in the detectable'range, the endogeneous levels of glutathione in the endothelium of corneas stored in M-K medium did not show significant change over 14 days of storage. ' These authors"' also reported that the amount of oxidised glutathione, which is toxic to endothelium, decreased from 12-6% in fresh corneas to 4-0% in corneas stored in M-K medium for 14 days. Since K-Sol contains components essentially similar to those in M-K medium, except for the 5% dextran in M-K medium which is replaced with 2-5% chondroitin sulphate in K-Sol, it is reasonable to assume that most of the glutathione may remain in reduced form.
Although it is clear that antioxidants are necessary for the preservation of endothelial cell morphology in corneas stored in K-Sol medium, the relative importance and optimum levels of various antioxidants are not known. Future studies are needed to define the role of particular antioxidants and the optimum levels of these substances to preserve corneal endothelial cells during long-term storage in preserving media such as K-Sol.
